In amphibians, the Nieuwkoop center -a primary inducing region -has a central role in the induction of dorsal mesodermal cells to form the Spemann organizer. In teleosts, such as the zebrafish, Danio rerio, the functional equivalent of the amphibian Spemann organizer is the dorsal shield. Historically, a small region of the teleost yolk syncytial layer (YSL), an extraembryonic tissue that underlies the entire blastoderm, has been implicated in dorsal shield specification. Difficulties in transplanting discrete regions of the YSL and the previous lack of localized expression patterns unique to the YSL have, however, hindered efforts to prove definitively that the YSL possesses Nieuwkoop-center-like activities.
Background
In the vegetal hemisphere of the Xenopus embryo, maternally controlled patterning events establish a primary inducing region, often referred to as the Nieuwkoop center [1] . This primary inducing center has the demonstrated ability to induce, in the overlying marginal tissues, a secondary signaling region called the Spemann organizer [2, 3] . The Spemann organizer patterns the ventro-lateral mesoderm, induces the overlying ectoderm to form nervous system and contributes directly to dorsal mesodermal structures such as the notochord and prechordal plate [4] . Whereas functional Spemann-organizer-type regions have been characterized in all vertebrate embryos described to date (for example, the dorsal lip in Xenopus, the node in the mouse, Hensen's node in the chick and the dorsal shield in the zebrafish), the characterization of definitive Nieuwkoop-center-like regions in species outside of amphibia has been more difficult [5] . Differences in organization among vertebrate embryos, such as distribution of yolk and/or arrangement of other extra-embryonic tissues, have made direct morphological comparisons to the amphibian Nieuwkoop center less straightforward [5, 6] . For example, the Nieuwkoop center in Xenopus is located within a group of blastomere cells located directly vegetal to the future dorsal lip. In the zebrafish, the corresponding region directly vegetal to the dorsal shield is a specialized area of the yolk cell called the yolk syncytial layer (YSL).
The YSL is derived from the most marginal blastoderm cells that have maintained cytoplasmic connections to the yolk cell during cleavage divisions [7, 8] . At the mid-blastula transition, which occurs approximately 3 hours post fertilization (hpf) at 29.5°C [9] , the cytoplasm and nuclei of these marginal cells collapse into the cytoplasm of the yolk cell to form the YSL. This large nuclear syncytium forms the animal-most layer of the yolk cell and underlies the entire blastoderm ( Figure 1 ). Whereas cells of the blastoderm will form the tissues of the embryo proper, the YSL is characterized as an extra-embryonic tissue.
The role of the YSL in blastoderm cell-fate specification has long been debated. One classic experiment performed in the trout embryo, in which younger, supposedly naive blastoderms were transplanted onto older, denuded yolk cells, has suggested that patterning information may be retained in the YSL and relayed to the overlying embryonic tissues [10] . Recent yolk-cell transplantation experiments in the zebrafish have provided evidence that the animal region of the yolk cell, including the YSL, can ectopically induce and pattern mesoderm when grafted onto the animal region of intact blastula-stage embryos [11] . Difficulties in transplanting discrete regions of the YSL and the previous lack of any localized, molecular expression patterns that are unique to the YSL have, however, hindered efforts to prove that the YSL possesses Nieuwkoopcenter-like activities.
Here, we report the cloning and characterization of a novel homeobox gene, nieuwkoid, which encodes a putative homeodomain-containing transcription factor of the PRX superclass [12] . We found that, following the mid-blastula transition, nieuwkoid is zygotically expressed only in a small region of the dorsal blastoderm margin. As development proceeded, nieuwkoid expression became progressively restricted to a small region within the YSL such that, by the onset of gastrulation, nieuwkoid expression was only detected within the YSL directly underlying the newly forming dorsal shield. Mis-expression assays demonstrated that nieuwkoid expression is a potent dorsalizing influence and is sufficient to induce functional ectopic gastrula organizers in zebrafish embryos. These results suggest that the expression of nieuwkoid both characterizes and mediates an organizer-inducing/Nieuwkoopcenter-like activity within the zebrafish embryo.
Results

Isolation of a cDNA for nieuwkoid
We have isolated a cDNA encoding nieuwkoid, a zebrafish gene whose expression we found to be localized to a small region of the YSL on the future dorsal side of the embryo.
Sequence analysis showed that the nieuwkoid gene belongs to the family of homeobox genes related to Drosophila paired and encodes a 192 amino-acid product. As shown in Figure 2 , the conceptually translated nieuwkoid gene product shares homologies, both within and outside the homeodomain, to members of the PRX superclass of homeodomain-containing transcription factors [12] . Comparison of putative homeodomains indicated that Nieuwkoid shares significant homology to the protein products of the paired homeobox genes Drosophila gooseberry distal and human Pax7 (70% and 63% similarity, respectively) as well as with the goosecoid paired-like homeobox genes, such as zebrafish and fly goosecoid (65% and 63% similarity, respectively). Comparisons with the translation products of other pairedlike homeobox genes such as mix1 and siamois revealed only weak homology within the homeodomain.
Whereas similarities outside the homeodomain are minimal, an eight amino-acid stretch located at the amino terminus of Nieuwkoid encompasses a region with strong homology to both the Goosecoid-Engrailed homology (GEH) domain -a seven amino-acid stretch common to Goosecoid proteins [13] -and a similar sequence, referred to as the octapeptide [14] , found in proteins encoded by paired homeobox genes such as gooseberry and Pax7. Analysis of a genomic clone containing the nieuwkoid gene revealed two introns separating three exons. As in other paired-like homeobox genes, the second intron interrupts the nieuwkoid homeobox within the sequence encoding the predicted helix 3 of the homeodomain. Because of the low levels of similarity to other homeobox genes, we propose that nieuwkoid is a new gene with, at present, no known orthologues in other vertebrate species.
Dynamic and localized expression of nieuwkoid prior to gastrulation
We found that the zebrafish nieuwkoid gene is expressed in the blastula immediately following the mid-blastula transition (3.3 hpf). The nieuwkoid gene is therefore among the first group of genes to be expressed in the zebrafish embryo. Initial expression of nieuwkoid was found to be restricted to one side of the pregastrula embryo within a few cells located at the blastoderm margin (Figure 3a,b) . These first nieuwkoid-expressing cells are located in a position along the margin that would predict their possible contribution to or maintained cytoplasmic association with the YSL [8, 15] .
During this period of YSL formation, β-catenin protein, which is supplied maternally and distributed into every cell of the embryo, becomes accumulated within nuclei only on the dorsal side of the embryo. Initially, only the nuclei within the presumptive dorsal region of the YSL exhibit nuclear localization of β-catenin. Later, nuclear localization of β-catenin is detected within both the dorsal YSL and a few marginal cells of the overlying blastoderm [16] . As shown in Figure 4a , the early blastoderm expression of nieuwkoid occurs on the dorsal side of the embryo, overlying the region of β-catenin nuclear accumulation within the dorsal YSL nuclei. As described below, nieuwkoid expression is subsequently detected within the YSL in the same region as the nuclear accumulation of β-catenin (Figure 4b ). These results demonstrate that the nieuwkoid gene is the earliest gene yet described to be zygotically expressed only on the dorsal side of the zebrafish embryo.
Following the brief transient period of blastoderm expression, nieuwkoid expression becomes restricted to a tightly localized region of the YSL (Figure 3c-g ). Double-labeling experiments demonstrated that nieuwkoid expression precedes localized goosecoid expression; goosecoid gene expression has been shown to be specific to cells of the future Spemann organizer [17] . As shown in Figure 4c , when goosecoid expression is weakly apparent at 4 hpf, nieuwkoid expression in the YSL is already established directly underneath the goosecoid-expressing blastoderm cells of the future dorsal shield region. At the onset of gastrulation (5.75 hpf), nieuwkoid expression continues to be maintained only in the YSL directly underlying the definitive dorsal shield organizer (Figure 3e-g ). As gastrulation movements proceed, causing the initial cells of the dorsal shield to involute under and away from the margin, nieuwkoid expression in the underlying YSL is quickly
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Figure 2
The nieuwkoid gene is a new member of the family of paired-like homeobox genes. 
Expression of nieuwkoid is sufficient to induce organizer gene expression
Because nieuwkoid expression is confined to a region directly underlying the future dorsal-shield organizer and because the onset of nieuwkoid expression precedes that of zygotic goosecoid expression, we hypothesized that the nieuwkoid gene may be functioning in the specification of a Nieuwkoop-center-like activity in the zebrafish embryo. The Nieuwkoop center, when transplanted ectopically in amphibian embryos, has the demonstrated ability to induce ectopic Spemann organizer regions, ultimately leading to the formation of duplicated or expanded body axes [2, 3] . To test the functional role that the nieuwkoid gene may have within the Nieuwkoop center of the zebrafish, we ectopically expressed the nieuwkoid gene in marginal blastomeres of the early zebrafish embryo.
Microinjection of synthetic nieuwkoid RNA during cleavage stages led to dorsalized embryos exhibiting both morphological and molecular characteristics consistent with the formation of enlarged or multiple organizer regions. Injection of nieuwkoid RNA throughout early cleavage-stage embryos led to the later formation of dorsally radialized embryonic phenotypes (Figure 5n ). In injected embryos that were allowed to develop though early somitogenesis (10-14 hpf), somites were frequently absent, due to an apparent expansion of notochord tissue (Figure 5n ). Alternatively, when somites were formed, they extended circumferentially around an expanded notochord region (Figure 5o ) similar to the somites formed in embryos following widespread misexpression of the organizer-specific gene chordin [18] . Injection of nieuwkoid RNA into discrete blastomeres of older cleavage-stage embryos also led to dorsalized embryos; instead of being radialized, however, these embryos often exhibited secondary or bifurcated axes (Figure 5o ).
The dorsalizing influence of nieuwkoid expression was analyzed at the molecular level by monitoring the expression of the organizer-specific gene markers goosecoid and chordin. Injection of 30 pg nieuwkoid RNA into each blastomere of the two-cell-stage embryo led to ectopic expression of the goosecoid gene around the entire margin region of pre-gastrula embryos (Figure 5b,e) . This radial expression of goosecoid suggests that the presumptive organizer region is expanded to completely encircle the blastoderm. In contrast, injection of the same amount of nieuwkoid RNA at the 16-cell stage into two individual blastomeres on opposite sides of the embryo led to two separate sites of goosecoid expression in pre-gastrula embryos (Figure 5c ), suggesting the induction of separate, distinct organizer regions. Similar to its effects on goosecoid expression, misexpression of nieuwkoid also induced the ectopic expression of chordin, an essential gene involved in mediating organizer function [18] (Figure 5g ). As development proceeds, embryos in which nieuwkoid RNA had been injected into discrete blastomeres often developed secondary or duplicated axes as shown morphologically (Figure 5o ) and by detecting ectopic axes of expression of axial-specific marker genes. Injection of nieuwkoid RNA into individual blastomeres led to ectopic expression of the notochord and axial mesoderm marker twist [19] during gastrulation (Figure 5i ). By the end of gastrulation, RNA-injected embryos displayed ectopic expression of the axial-mesoderm and floorplate marker sonic hedgehog [20] and had expanded dorsal anterior regions indicated by the expanded expression of the hindbrain marker krox20 [21] (Figure 5k,l) .
Expression of nieuwkoid can induce an organizer in a noncell-autonomous manner
The Nieuwkoop center is sufficient to induce an organizer region when transplanted ectopically; it does not, however, contribute to the newly specified organizer tissue, demonstrating that this induction is a non-cell-autonomous activity. To investigate whether the effects of nieuwkoid expression are mediated through cell-autonomous or noncell-autonomous mechanisms, we injected nieuwkoid RNA directly into the YSL at the 1000-cell stage and analyzed the expression of goosecoid during early gastrulation. The YSL is an extra-embryonic tissue and does not contribute cells to the embryo proper, but small populations of blastoderm cells do remain syncytial with the newly formed YSL for extended periods of time ( [15, 22] ; D.S.K., unpublished observations). To delineate the location of the injection and any cells which may have inherited the injected RNA, the RNA was coinjected with a lineage tracer comprising a cocktail of biotin-conjugated and rhodamine-conjugated, fixable high molecular weight dextrans. When 100 pg nieuwkoid RNA was injected into one region of the YSL, an expanded goosecoid expression domain formed in the broadened dorsal hypoblast (Figure 6b) . Visualization of the tracer showed that the goosecoid-expressing cells of the blastoderm had not inherited the tracer. These results indicate that, in the context of the YSL, nieuwkoid expression can influence the specification of the gastrula organizer in a non-autonomous fashion.
To investigate further the autonomy of nieuwkoid-mediated organizer induction, blastoderm cells mis-expressing nieuwkoid RNA were transplanted into uninjected sibling host embryos at the mid-blastula stage and the resultant goosecoid expression characterized prior to the onset of gastrulation at germ-ring stage (5.5 hpf). In 7 out of 19 instances, the transplanted nieuwkoid-expressing donor cells occupied a position on or within the endogenous goosecoid expression domain and could not be scored for non-autonomous induction of goosecoid expression. In the remaining twelve cases where the transplanted cells were located outside of the endogenous organizer region, half (6/12) contained ectopic goosecoid expression in host cells directly underlying the descendants of transplanted nieuwkoid expressing donor cells (Figure 6c ). Taken together with the result of our experiment in which nieuwkoid was injected directly into the YSL, we have shown that nieuwkoid can function in a non-cellautonomous manner with regard to organizer specification.
Discussion Evidence of early dorsoventral patterning in the midblastula-stage embryo
The results presented here demonstrate that, shortly after the mid-blastula transition, regional asymmetries in zygotic transcription are evident which, prior to any morphological indications, foreshadow the presumptive dorsoventral axis of the zebrafish embryo. Immediately after the onset of zygotic transcription, transcripts encoding the nieuwkoid gene are detected in a small group of cells at the blastoderm margin, reliably predicting the dorsal aspect of the zebrafish embryo. Subsequent to this brief period of restricted blastoderm expression, nieuwkoid expression becomes localized to a small dorsal region of the YSL, directly underlying the forming dorsal shield.
Expression of nieuwkoid characterizes a Nieuwkoopcenter activity in the zebrafish
We propose that expression of the nieuwkoid gene in early blastula cells and in the YSL both characterizes and
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Figure 4
The nieuwkoid gene is expressed on the future dorsal side of the zebrafish embryo. Transplantation experiments in various teleosts have suggested that the yolk cell, including the YSL, can induce mesoderm and specify the position of the dorsal shield [10] . In the zebrafish, recent recombination experiments that put the animal region of denuded yolk cells in contact with animal-pole cells of blastula-stage embryos have shown that mesoderm-specific gene markers including organizer-specific genes can be ectopically induced [11] . The non-cell-autonomous organizer-inducing activity, combined with the restricted expression of nieuwkoid within the YSL, suggest that nieuwkoid expression may be an indicator and mediator of a Nieuwkoop-center-like activity residing in a small region of the dorsal YSL. These results do not, however, rule out a role for the blastoderm cells in patterning the organizer. Our transplantation experiments demonstrate that the inductive potential mediated by the nieuwkoid gene is not restricted to the YSL. Therefore these data suggest that a small population of cells, which are specified by the mid-blastula transition stage and are located at the blastoderm margin, may also function in organizer specification.
Establishment of the primary inducing center in the zebrafish
The cellular events underlying dorsal specification and the establishment of the Nieuwkoop center have been analyzed most extensively in the amphibian. In Xenopus, maternally derived components are localized to the vegetal pole of the oocyte during oogenesis [23] and then, following fertilization, these factors or activities are asymmetrically relocalized to one side of the embryo by a phenomenon known as cortical rotation [1, 24] . In the zebrafish, it has been shown that components capable of influencing dorsal specification, such as vg1 and notch, are maternally contributed to the oocyte and undergo a dramatic localization to the animal pole [25] . A cellular rearrangement equivalent to cortical rotation has, however, not been described in the zebrafish, nor has the localization of a strictly maternal molecule during zebrafish embryogenesis been demonstrated.
The restricted expression of nieuwkoid following mid-blastula transition demonstrates that the ability to express nieuwkoid is limited to a small region of the blastoderm margin and underlying YSL. Lineage-tracing experiments have suggested that some of the cytoplasm contained in marginal blastomeres of mid-blastula-stage embryos originates from the cortical and animal regions of the yolk cell at earlier cleavage stages [26, 27] . These data raise the possibility that the restricted expression of nieuwkoid may be in response to the segregation of maternal components from the yolk cell into the prospective dorsal marginal blastoderm cells and YSL.
Extra-embryonic tissue influences axial patterning
Although unique to teleost embryos, the YSL has been thought to share homology to extra-embryonic tissues of other vertebrate species, such as the hypoblast in chicken embryos and the primitive endoderm in mice [5] . The unique expression of the zebrafish nieuwkoid gene in a restricted region of the extra-embryonic YSL tissue and its non-cell-autonomous organizer-inducing activity suggest that transcription from the yolk syncytial nuclei can contribute to the dorsal patterning of the embryo. This finding lends strong support to the concept that the formation of a Spemann-organizer-type region in a variety of vertebrates is achieved through the actions of a primary inducing region or Nieuwkoop center [5] . Furthermore, these data, combined with reports that the anterior visceral endoderm in the mouse [28] [29] [30] and the hypoblast in the chick also possess inductive activities [31] , may indicate a generalized role in the patterning of the early vertebrate embryo by extra-embryonic tissues.
Conclusions
We propose that the nieuwkoid gene may be an important component of the vertebrate Nieuwkoop center. Further studies of the function of the nieuwkoid gene may lead to an understanding of the essential event of organizer induction and formation in the vertebrate embryo.
Materials and methods
Isolation of the nieuwkoid homeobox gene
A 3′ fragment of the nieuwkoid homeobox gene was cloned from total RNA derived from 4-6 hpf wild-type zebrafish embryos using a modified 3′ rapid amplification of cDNA ends (RACE)-PCR technique [32] employing a degenerate primer encoding the sequence QVWFQNR.
The entire putative open-reading frame and a short stretch of the 5′ UTR was cloned using 5′ RACE-PCR [32] utilizing gene-specific primers (65P1: 5′-CAAAATGTTGGCATTATTCTGTC; 65P2: 5′-GCTAATCTGATTCCTGATGATCC) and a vector primer (T3: 5′-AAT-TAACCCTCACTAAAGGG) on a 6-9 hpf zebrafish cDNA library, which was generously provided by the Grunwald laboratory. Clones were sequenced by the Princeton Syn/Seq facility.
In situ hybridization and histology
Zebrafish embryos were obtained from natural spawnings and staged as described by Kimmel et al. [33] . Single and two-color in situ hybridization were performed essentially as previously described [34, 35] . Antisense riboprobes for nieuwkoid (clone AA1. twist, sonic hedgehog and krox20 were synthesized using T7, T3 or SP6 RNA polymerase (Promega) and DIG-labeled or FITC-labeled rNTPs (Boehringer) as appropriate; probes were not hydrolyzed prior to use. Following in situ hybridization, embryos were refixed in Bouin's fixative (Polysciences), then embedded in araldyte (Fluka) and serial sections of 10 µm thickness were made. Sections were mildly counterstained with eosin Y to increase contrast.
Immunohistochemistry
Following in situ hybridization, embryos were probed with a rabbit anti-β-catenin antibody [16] at 1:500 dilution, and visualized using the Vector Labs Elite ABC kit and DAB stain (Sigma).
Microinjection
Synthetic capped sense nieuwkoid RNA was prepared using Ambion Messagemaker in vitro transcription kit with T3 RNA polymerase according to manufacturer's directions. RNAs were resuspended in sterile water. Prior to injection, the RNA was diluted with a solution of 5% rhodamine-conjugated and biotin-conjugated fixable dextran in 0.2 M KCL (10K, Molecular Probes).
Cell transplantation
Donor embryos were prepared by injecting 50 pg synthetic nieuwkoid RNA (diluted with lineage tracer as above) into both cells of two-cell stage embryos and grown to mid-blastula stage. Cells (10-30) from the donor embryos were transplanted into the marginal region of unlabeled sibling embryos essentially as previously described [36] . Host embryos were grown to germ-ring stage and then fixed. Prior to in situ hybridization, the biotin-labeled donor cells within the host embryos were visualized using HRP-conjugated streptavidin (ICN) and DAB stain (Sigma).
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